Like many Gram-negative pathogens, Shigella rely on a complex type III secretion system (T3SS) to inject effector proteins into host cells, take over host functions, and ultimately establish infection. Despite these critical roles, the energetics and regulatory mechanisms controlling the T3SS and pathogen virulence remain largely unclear. In this study, we present a series of high resolution crystal structures of Spa47 and use the structures to model an activated Spa47 oligomer, finding that ATP hydrolysis may be supported by specific side chain contributions from adjacent protomers within the complex. Follow-up mutagenesis experiments targeting the predicted active site residues validate the oligomeric model and determined that each of the tested residues are essential for Spa47 ATPase activity, although they are not directly responsible for stable oligomer formation. Although N-terminal domain truncation was necessary for crystal formation, it resulted in strictly monomeric Spa47 that is unable to hydrolyze ATP, despite maintaining the canonical ATPase core structure and active site residues. Coupled with studies of ATPase inactive full-length Spa47 point mutants, we find that Spa47 oligomerization and ATP hydrolysis are needed for complete T3SS apparatus formation, a proper translocator secretion profile, and Shigella virulence. This work represents the first structure-function characterization of Spa47, uniquely complementing the multitude of included Shigella T3SS phenotype assays and providing a more complete understanding of T3SS ATPase-mediated pathogen virulence. Additionally, these findings provide a strong platform for follow-up studies evaluating regulation of Spa47 oligomerization in vivo as a much needed means of treating and perhaps preventing shigellosis.
Many Gram-negative pathogens rely on highly conserved type III secretion systems (T3SSs) 3 to cause infection by supporting direct injection of effector proteins into the targeted host cell cytoplasm (1) (2) (3) (4) . One example from this class includes Shigella spp., which is the causative agent of bacillary dysentery in humans and a significant contributor to diarrheal disease. Diarrheal disease is a worldwide threat responsible for 1 in 9 child deaths and is the second leading post neonatal cause of death in children under the age of 5 (5) . Many enteric pathogens contribute to these alarming statistics, but Shigella alone are responsible for an estimated 90 million infections and greater than 100,000 deaths annually (6) . The majority of Shigella infections occur in developing regions where access to antibiotics are limited and even when they are available, the recent emergence of multidrug-resistant strains has drastically reduced the number of viable treatment options for shigellosis (7) . Together, these concerns underscore the need to better understand the mechanisms of Shigella virulence and specifically the means by which Shigella invade human host cells.
Shigella rely entirely on the actions of a complex T3SS to inject effector proteins into the cytoplasm of host cells, initiating cellular invasion of the colonic epithelium and onset of infection (8 -10) . The Shigella T3SS consists of ϳ54 genes that reside on a 220-kb virulence plasmid (11) . The "entry region" of the virulence plasmid contains the mxi, spa, and ipa operons that code for the type III secretion apparatus (T3SA) itself (12) . The T3SA resembles a nano-needle and syringe, which consists of a basal body that spans the inner and outer Shigella membranes, a ϳ2.5-nm inner diameter needle that extends from the bacterial surface to provide a passageway for protein translocation and a tip complex that regulates secretion and interacts with the host cell membrane (13, 14) . The mechanisms supporting protein secretion through the Shigella T3SA remain largely unclear; however, we recently characterized Spa47 as an active T3SS ATPase, suggesting that it may provide the energy necessary to power secretion (15) .
T3SS ATPases have been identified in several T3SSs (15) (16) (17) (18) (19) (20) (21) (22) and share significant sequence identity with one another and with the catalytic ␤ subunit of F 1 ATP synthase, which forms an activated heterohexamer capable of driving ATP synthesis or hydrolysis when part of the complete F 1 F 0 ATP synthase complex (23) . Similarly, several T3SS ATPases also form activated oligomers in vitro, although the stoichiometries appear to range from trimers to dodecamers and are specific to each ATPase (15, 19, 20, 24 -26) . The precise role(s) that the ATPases and ATPase stoichiometry plays in T3SS activity remains controversial, although T3SS ATPase deletion mutants and loss of function mutations have resulted in attenuated virulence phenotypes (26 -30) . This implicates the importance of T3SS ATPases in proper T3SS function and as a potential player in virulence regulation. Some of the most highly studied virulence-associated T3SS ATPases are those from Escherichia coli and Salmonella, which have been shown to recognize T3SS chaperones (29, 30) and unfold the bound effector to facilitate secretion (31) . Although these and related works have contributed significantly to the understanding of T3SS ATPases in general, the mechanism(s) driving enzyme activation and the specific role(s) that T3SS ATPases play in many pathogens remain unstudied and unclear.
Here, we report the first crystal structure of the Shigella T3SS ATPase Spa47 and use it to guide biochemical studies mapping key residues/regions involved in ATP hydrolysis and Spa47 oligomer formation. We additionally identify an "arginine finger" that is responsible for Spa47 activation upon oligomer formation and show that either mutation of the conserved arginine or removal of the identified N-terminal oligomerization domain completely inactivates Spa47. Finally, each of the diverse ATPase-inactive Spa47 mutants were expressed in Shigella and extensively tested for phenotype, providing insight into the specific roles of Spa47 in Shigella T3SS activity and virulence. The findings presented here show that Shigella virulence is entirely reliant on ATPase active Spa47 and that its activity is driven by oligomerization, contributing new insight into Shigella virulence mechanisms and providing a promising target for much needed anti-infective agents. In addition, this work provides one of the most comprehensive characterizations of a T3SS ATPase in a single organism to date, highlighting potentially critical similarities and differences to the currently limited number of studied T3SS homologs from other bacterial pathogens, and supports a novel model describing an active population of subhexameric T3SS ATPases.
Results
Crystal Structure of Spa47-Expression and purification of full-length Spa47 produces ATPase active recombinant protein that can be isolated as discrete monomeric and oligomeric species (15) . The oligomeric form of the enzyme exhibits significantly higher ATPase activity than the monomer, suggesting that Spa47 is activated through oligomer formation. We have attempted to crystallize both the isolated monomer and oligomeric fractions but have been unable to generate diffracting crystals of either form of the protein. Secondary structure prediction profiles and sequence alignment with several T3SS ATPases (Fig. 1 ) identify significant levels of sequence identity (e.g. 41% to EscN and 37% to FliI) and directed the design of a Spa47 ⌬1-79 construct lacking the predicted N-terminal oligomerization domain. The Spa47 ⌬1-79 construct provided milligram quantities of highly soluble and stable monomeric protein, which readily crystallized overnight to produce rodshaped crystals. The resulting 2.4 Å Spa47 structure consists of two copies of Spa47 in the asymmetric unit that do not appear to represent a physiological dimer. The Spa47 structure ( Fig.  2A) is reminiscent of known AAA ATPases, containing a canonical ␣/␤ Rossmann fold (32) consisting of a mostly parallel 9-stranded twisted ␤-sheet (␤3, ␤2, ␤7, ␤6, ␤8, ␤10, ␤5, ␤9, and ␤11) closely associated with four ␣-helices on one side (␣5-␣8) and two helices on the other (␣3 and ␣4). The C-terminal domain of the Spa47 structure consists of a well defined 3-helix bundle (␣11-␣13) resembling that of the Salmonella flagellar ATPase, FliI (Fig. 2B ). This contrasts with the 5-helix bundle observed in the C terminus of the E. coli T3SS ATPase EscN (Fig. 2C ). Structural differences in this region are consistent with suggestions that the C-terminal domain of T3SS ATPases is not involved in ATP hydrolysis but rather recognition and presentation of species-specific T3SS substrates to the secretion machinery (31) .
Key Catalytic Residues Are Spatially Conserved in Spa47-Structural alignment of Spa47 ⌬1-79 and the nucleotide (ADP)bound homologs FliI and EscN clearly illustrates the striking structural homology within the catalytic cores of these T3SS ATPases (Fig. 2, B and C). The structural similarities are reflected by the average pairwise RMSDs for C␣ atoms between Spa47 and FliI (1.43 Å over 310 atoms) and between Spa47 and EscN (1.41 Å over 306 atoms). Structure and sequence comparisons identify a conserved P-loop (Walker A domain) in Spa47 located between ␤4 and ␣3, which is likely involved in substrate binding and coordination (32) . Further comparison of the conserved residues and structural elements within the active site of Spa47 identifies individual side chains likely involved in Spa47catalyzed ATP hydrolysis (Fig. 2D ). The first identified residue is a lysine at position 165 that we previously hypothesized to be involved in Spa47 activity (15) based on studies finding that the equivalent P-loop lysine in FliI and EscN stabilizes ATP binding through electrostatic interaction with its ␤-phosphate (16, 29) . Additionally, strong similarities in spatial orientation of the conserved glutamate 188 side chain in Spa47 and the equivalent glutamate residues in FliI and EscN were also observed ( Fig.  2D ), placing Glu 188 in an appropriate position to coordinate a catalytic water as shown for both EscN and the catalytic ␤-subunit of F 1 ATP synthase (29, 33) .
Generating an Activated Hexameric Spa47 Model-Biochemical studies together with recent cryo-electron tomography studies have begun to uncover the importance of oligomerization in activating and regulating ATPase activity within the context of T3SSs. Unfortunately, a lack of atomic resolution data for T3SS ATPase oligomers has been a major hurdle in studying the mechanism driving ATPase activation and effector secretion. Here, we generated an in silico model of hexameric Spa47 based on recent high resolution cryo-electron tomography data identifying Spa47 as a homohexamer in the context of the intact T3SA (34) and the propensity of AAA and AAAϩ ATPases to form activated hexamers ( Fig. 3A) (35) . The model was generated by aligning our 2.4 Å Spa47 structure onto the 2.8 Å heterohexameric F 1 ␣ 3 ␤ 3 ATP synthase structure (PDB code 1BMF) (36) . The hexameric Spa47 model results in good alignment to F 1 ATP synthase with an overall backbone RMSD of 2.06 Å over 1846 C␣ atoms and no major gaps or overlapping regions within the model (Fig. 3B ). Structurally, the Spa47 hexamer results in a ϳ100 Å diameter ring-like complex with a central channel measuring ϳ20 Å in diameter, perhaps providing a passageway for secreted T3SS proteins. Looking closely at the active site containing the AMP-PNP substrate modeled from the F 1 ATP synthase structure highlights the spatial relationship between the nucleotide substrate and the Lys 165 and Glu 188 active site residues identified earlier (Figs. 2D and 3B). Viewing the active site in the context of a Spa47 oligomer additionally identifies an arginine (Arg 350 ) that extends into the ATP binding site located on an adjacent protomer within the complex ( Fig. 3B ), suggesting that it may also be important for ATP hydrolysis. Similar examples of "arginine fingers" are found in many oligomeric AAAϩ ATPases including F 1 ATP synthase, where an arginine side chain from a regulatory ␣-subunit contributes to the active site of the neighboring catalytic ␤-subunit, completing the active site and perhaps stabilizing the binding of the largely negative ATP (37, 38) . Interestingly, in our model, the arginine in the Spa47 hexamer is also presented to the active site by a neighboring molecule in the oligomer and would be unlikely to be involved in catalysis in a monomeric form of the enzyme, making Spa47 Arg 350 a key residue in the biochemical studies presented in the following sections. Protein sequence alignment of Spa47 (T3SS ATPase, S. flexneri), F1␤ subunit (ATP synthase, Bos taurus), FliI (Flagellar ATPase, Salmonella typhimurium), EscN (T3SS ATPase, E. coli), InvC (T3SS ATPase, Salmonella gallinrium), and SsaN (T3SS ATPase, S. typhimurium) was performed using the Uniprot multiple sequence alignment tool, Clustal Omega, with single fully conserved residues (*), conservation between groups with strongly similar properties (:), and weakly similar properties (.) identified. Helical and ␤-sheet regions, as predicted by the PSIPRED structure prediction server, are color-coded red and blue, respectively. Vertical lines separate the predicted N-terminal oligomerization, ATPase, and C-terminal domains. Predicted Walker A (P-loop) and Walker B regions and the fully conserved residues targeted for alanine screening in this study are also identified in the alignment. Uniprot accession numbers used for sequence alignment were Q6XVW8, P00829, P26465, Q7DB71, B5RDL8, P74857 for Spa47, F1 ATPase B subunit, FliI, EscN, InvC, and SsaN, respectively.
Structural Influences of Engineered Spa47 Point Mutants-
The predicted active site residues Lys 165 and Glu 188 , as well as Arg 350 , were each mutated to alanine to directly investigate their roles in Spa47-catalyzed ATP hydrolysis and Shigella virulence. Each of the mutations were engineered in the fulllength Spa47 backbone for biophysical characterization and Shigella phenotype analysis, as well as in the Spa47 ⌬1-79 construct to allow structural characterization of the targeted mutations. Three mutant crystal structures were determined, ranging from 2.7 to 1.8 Å resolution (Table 1 ). Comparing each of the mutant structures to wild type confirms that the mutations are present and that they have little effect on the global structure of the proteins (Fig. 4) .
Influence of Engineered Mutations on Spa47 Oligomer
Formation-Full-length Spa47 purifies as discrete monomeric and oligomeric species with the oligomer exhibiting significantly higher levels of ATP hydrolysis activity than the monomer (15) . Size exclusion chromatography (SEC) and sedimentation velocity analytical ultracentrifugation (SV-AUC) suggest the activated oligomer is a novel homotrimer that is thus far unique to Spa47, although the driving force for oligomerization and the implications of an activated Spa47 trimer in vivo remain unclear. To explore this further, we examined the influence of the engineered K165A, E188A, and R350A active site point mutations on Spa47 oligomer formation and distribution. SEC analysis of these Spa47 mutants found that they all purify as primarily monomeric species with dominant peaks in the SEC chromatogram at ϳ79 ml with a minor oligomeric population eluting at ϳ52 ml ( Fig. 5A ). This distribution has been consistently observed for wild-type Spa47, suggesting that the targeted active site residues are not involved in the formation of the activated oligomeric species, although they are required for ATPase activity (see activity results in Fig. 6 ). This finding is especially interesting because all other reported active T3SS oligomers exhibit a minimum of hexameric stoichiometry, . Structure alignments between wild-type Spa47 ⌬1-79 and the ATPase inactive alanine point mutants used in this study. The wild-type Spa47 ⌬1-79 structure is shown in gray and is aligned to the Spa47 ⌬1-79 K165A (purple), Spa47 ⌬1-79 E188A (red), and Spa47 ⌬1-79 R350 (fuchsia) structures shown in A, B, and C, respectively. The bars located below each structure provides a visual representation of the regions included (white) and missing (shaded) in each structure as well as the relative location of each engineered point mutant within the Spa47 sequence and structure (red asterisk). The PDB codes for Spa47 ⌬1-79 , Spa47 ⌬1-79 K165A, Spa47 ⌬1-79 E188A, and Spa47 ⌬1-79 R350A used in the figure are 5SWJ, 5SYP, 5SWL, and 5SYR, respectively. DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50
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and oligomerization is frequently dependent on nucleotide binding and/or hydrolysis (39 -41) .
In addition to the Spa47 alanine point mutants, SEC analysis was performed on the Spa47 ⌬1-79 construct used to solve the X-ray crystal structure. Removal of the N-terminal domain resulted in a single late eluting peak (87 ml) that is consistent with the reduced monomeric molecular mass of the truncated construct, suggesting that removal of the N-terminal domain prevents Spa47 oligomerization ( Fig. 5A ). Although SEC provides a quick and relatively simple method for the analysis of protein samples, the strong dependence of SEC on protein shape, in addition to molecular mass, makes accurate stoichiometry determination difficult. This is exemplified by the drastic overestimation of the molecular mass of the early eluting Spa47 oligomers by SEC ( Fig. 5A ) compared with the more reliable molecular mass predictions recently provided by SV-AUC (15) . SV-AUC directly measures the sedimentation coefficient for each species in a solution, providing an accurate and robust means of identifying multiple species in a solution and an ideal technique to evaluate the Spa47 ⌬1-79 oligomerization profile in this study. SV-AUC analysis was performed on Spa47 ⌬1-79 , as was done previously for the full-length construct (15) , finding that Spa47 ⌬1-79 exists nearly exclusively as a single species with a sedimentation coefficient of 2.87 Ϯ 0.06 S, corresponding to a calculated molecular mass of 38.9 Ϯ 0.2 kDa ( Fig. 5 , B-D). This finding is in good agreement with the known Spa47 ⌬1-79 monomeric molecular mass of 38.964 kDa and confirms that the Spa47 ⌬1-79 construct does not oligomerize under the tested conditions. The new structure data provided by the Spa47 N-terminal deletion construct together with its inability to form higher order oligomers makes Spa47 ⌬1-79 a valuable tool for uncovering the critical link between Spa47 oligomer formation and activation. A, size exclusion chromatography elution profiles of wild-type Spa47, Spa47 K165A , Spa47 E188A , and Spa47 R350A are all consistent with the formation of monomeric and single oligomeric species. The weak signal observed prior to the early eluting oligomer for the K165A mutant is attributed to nucleic acids and does not result from a change in oligomerization profile. The Spa47 ⌬1-79 SEC elution profile exhibits a single shifted elution peak, consistent with the reduced molecular mass of the Spa47 N-terminal truncation construct and an essentially exclusive monomeric protein distribution. The void volume and the elution volumes corresponding to commercial protein molecular mass standards are included at the top of the chromatogram. B, representative interference scans of purified Spa47 ⌬1-79 monitored during SV-AUC. C, representative residuals from fitting the data to a continuous c(s) distribution model as described under "Experimental Procedures." D, representative sedimentation coefficient distribution (c(s) versus S) showing that Spa47 ⌬1-79 sediments as an essentially homogeneous species with a sedimentation coefficient of 2.87 Ϯ 0.06 S, corresponding to a calculated molecular mass of 38.9 Ϯ 0.2 kDa and a Spa47 ⌬1-79 monomer. Reported sedimentation coefficients represent means Ϯ S.D. from three independent measurements. FIGURE 6. ATPase activity of engineered Spa47 constructs. Kinetic analysis of ATP hydrolysis by each of the engineered Spa47 constructs used in this study. Wild-type Spa47 monomeric and oligomeric species are ATPase active withanincreaseinhydrolysisefficiencyfortheSpa47oligomer.Isolatedmonomeric and oligomeric forms of Spa47 K165A , Spa47 E188A , and Spa47 R350A , as well as the monomeric form of the oligomerization-deficient Spa47 ⌬1-79 construct were all inactive, resulting in background levels of ATP hydrolysis. Each data point represents the means Ϯ S.D. of three independent measurements from two separate protein preparations.
Predicted Spa47 Active Site Residues and Oligomerization
Are Required for ATPase Activity-Several Spa47 residues were predicted to be involved in enzyme activity based on their conservation among homologous proteins and their location within the Spa47 active site (Figs. 2D and 3B). Each of the fulllength Spa47 constructs (wild-type Spa47, Spa47 K165A , Spa47 E188A , and Spa47 R350A ), as well as the N-terminal truncation construct Spa47 ⌬1-79 , were expressed and purified as described under "Experimental Procedures." The stable oligomeric species of each construct were isolated using SEC. As seen in Fig. 5A , each of the individual point mutants produced discrete monomeric and oligomeric populations; however, the Spa47 ⌬1-79 construct resulted in the purification of only monomeric species. The effect of each construct and oligomer state on ATPase activity was determined using a radioactivity assay that directly quantifies ATP to ADP conversion as a function of time (Fig. 6 ). The activity results show that the full-length wildtype Spa47 behaves as previously reported with activity observed for both the isolated monomeric and oligomeric species, again finding that the preformed oligomeric Spa47 complex hydrolyzes ATP at a much greater rate than the isolated full-length monomer (15) . The Spa47 K165A construct was unable to hydrolyze ATP as either an isolated monomeric or oligomeric species, which is consistent with previous activity data for both Spa47 and an equivalent mutation in the Salmonella SPI-1 ATPase InvC (15, 26) . Similar results were found for the newly developed Spa47 E188A and Spa47 R350A mutants, which also lack ATPase activity under both oligomeric and monomeric conditions, confirming that each of the Spa47 residues tested in this study are in fact critical for ATP hydrolysis and providing valuable new constructs that helped to uncover the mechanism behind Spa47-catalyzed ATP hydrolysis.
We additionally examined the impact of oligomerization on Spa47 ATPase activity using the stable monomeric Spa47 ⌬1-79 construct. Interestingly, though Spa47 ⌬1-79 contains the native sequence and all of the regions proposed to be involved in ATP hydrolysis, it is catalytically inactive, as seen for the predicted active site mutants, including R350A. Together, these results support the idea that Spa47 oligomerization presents arginine 350 to the active site of an adjacent protomer as suggested in our model ( Fig. 3) .
Active Spa47 Is Required for Proper T3SS Translocon Formation and Shigella flexneri Host Cell Invasion-Each of the engineered Spa47 constructs were expressed in a S. flexneri spa47 null strain to better understand the role that Spa47 plays in the Shigella T3SS and ultimately its virulence. A gentamicin protection assay quantified the ability of the complemented strains to invade cultured eukaryotic host cells, an event that relies entirely on a functional Shigella T3SS (4). We showed previously that complementing a spa47 null S. flexneri strain with the inactive Spa47 K165A mutant resulted in the same lack of invasiveness seen for the null strain, suggesting that ATPase active Spa47 is required for proper T3SS function (15) . This study expands these findings to include the Spa47 E188A and Spa47 R350A constructs and the oligomerization-deficient Spa47 ⌬1-79 mutant. When compared with the wild-type S. flexneri clinical isolate 2457T, the spa47 null strain was essentially non-invasive, exhibiting 0.8 Ϯ 1.1% invasiveness, whereas com-plementation with the wild-type Spa47 construct resulted in nearly complete phenotype reinstatement at 81.4 Ϯ 10.8% invasiveness ( Table 2 ). Complementation with the catalytically inactiveSpa47 K165A ,Spa47 E188A ,Spa47 R350A ,orSpa47 ⌬1-79 constructs failed to restore virulence with 0.5 Ϯ 0.2, 0.2 Ϯ 0.2, 0.1 Ϯ 0.2, and 0.2 Ϯ 0.1% invasion, respectively. Together with previous studies linking Spa47 to T3SS-based cellular invasion (15, 28) , these findings strongly implicate Spa47 ATPase activity as an essential factor in Shigella virulence. It is perhaps even more interesting to consider the role of the identified "arginine finger" in Spa47 activation, in which Arg 350 is clearly required for ATP hydrolysis (Fig. 6 ), although it is located quite distantly from the active site in the context of a Spa47 monomer. This again supports the hypothesis that a multisubunit active site is critical for activity both in vitro and in vivo.
Although functional Spa47 is clearly required for the critical series of events supporting Shigella invasion, it remains unclear exactly which steps Spa47 contributes to and which roles the engineered mutants are unable to perform. Based on the link between T3SS ATPases and protein secretion, we first turned to a hemolysis assay that quantifies the ability of Shigella to insert the T3SS translocon proteins into red blood cell membranes, lysing the infected host cells. A wild-type hemolysis phenotype requires proper formation of the T3SA and secretion of the translocator proteins IpaB and IpaC but is independent of effector secretion into the host cytoplasm and effector activity. This makes the hemolysis assay a powerful complementary tool when used with the invasion assay. Here, each of the Shigella strains described earlier for invasion were tested for hemolytic activity and compared with wild-type S. flexneri ( Table 2 ). As expected, the spa47 null strain was non-hemolytic exhibiting only 0.9 Ϯ 2.0% hemolysis, confirming that a complete lack of Spa47 expression prevents formation and/or insertion of a functional T3SA translocon. Complementation of the spa47 null strain with wild-type Spa47 results in a recovery of hemolysis phenotype (81.4 Ϯ 11.6%). Complementation with Spa47 K165A , Spa47 E188A , Spa47 R350A , or Spa47 ⌬1-79 constructs failed to restore hemolytic ability with 1.1 Ϯ 1.9, 0.9 Ϯ 2.0, 1.2 Ϯ 2.5, and 0.9 Ϯ 2.2% hemolysis, respectively. The inability of the catalytically inactive Spa47 mutants to restore hemolytic capa- 
The ability of the Shigella mutants to invade cultured host cells was measured by a standard gentamicin protection assay (see "Experimental Procedures"). Invasion results are presented as the percentage of invasion by the wild-type S. flexneri strain 2457T. b The ability of each Spa47 Shigella mutant to lyse red blood cells was tested using a hemolysis assay that quantifies released hemoglobin following incubation of erythrocytes with the described Shigella mutants. Hemolysis results are presented as the percentages of hemoglobin released by the wild-type S. flexneri strain (2457T). The experiments were all repeated in triplicate, and results represent the means Ϯ standard deviation. DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50
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bilities together with the lack of invasion phenotype ( Table 2) suggests that the invasion defect results at least in part from an inability to form a complete and properly functioning T3SA and in particular an inability to insert an IpaB/IpaC translocon pore into the host cell membrane. Shigella T3SS Translocator Secretion Requires T3SS ATPase Activity-The T3SS translocator proteins IpaB and IpaC reside at the tip of the mature Shigella T3SA where they interact with the host cell membrane (42) . It is the insertion of IpaB and IpaC into the membrane that forms the translocon pore and ultimately allows secretion of effectors into the targeted host cell cytoplasm (43) . The hemolysis results presented in this study suggest that Shigella strains lacking the gene for Spa47 or strains complemented with ATPase inactive Spa47 mutants are not able to properly insert the translocon into the host membrane ( Table 2 ). We hypothesize that this is a direct result of an inability of the mutant strains to secrete IpaB and IpaC and properly deliver them to the host cell membrane. To test this hypothesis, the role of Spa47 in both uninduced and induced translocator secretion profiles was examined for S. flexneri. We first looked at the uninduced secretion profiles of each of the Shigella strains examined above. In this assay, the levels of the translocator proteins secreted into the supernatant of overnight Shigella cultures are quantified as a function of the expressed Spa47 mutations. A properly formed T3SA displays low levels of translocator secretion ("leakage") into the overnight culture supernatant, indicating that the T3SA is properly formed, and the bacteria are poised for active secretion of effectors into the host cell (43) . Here, the assay control is a Shigella strain expressing wild-type Spa47, which serves as the benchmark for secretion comparison. Significantly reduced levels of IpaB and IpaC secretion are observed for the spa47 null strain with only 25.4 Ϯ 7.0 and 19.1 Ϯ 17.7% IpaB and IpaC secreted, respectively. Complementation with Spa47 K165A , Spa47 E188A , Spa47 R350A , or Spa47 ⌬1-79 constructs result in a similar attenuation in both IpaB and IpaC secretion levels as shown in Fig. 7  (A and B) . The cytoplasmic levels of IpaB and IpaC were also quantified to ensure that the decrease in translocator secretion from the mutant strains is not a result of attenuated expression levels or lack of available IpaB and IpaC. The results clearly show that IpaB and IpaC levels are consistent within the Shigella cytoplasm of each strain (Fig. 7C ). Additionally, a bacterial cell lysis control was performed by blotting and probing for cytoplasmic and supernatant levels of the T3SS chaperone protein IpgC, which is natively expressed but not secreted by Shigella. As expected, IpgC was detected in the Shigella whole cell extract samples but was not observed in the supernatant of the uninduced or actively secreting Shigella cultures, confirming that lysis did not significantly contribute to the detected levels of secreted IpaB and IpaC (data not shown).
In addition to quantifying the uninduced secretion profiles shown in Fig. 7 , the small molecule Congo red was used to mimic in vivo activation of the T3SS and the ability to rapidly initiate T3SS protein secretion (44) . Although the low levels of uninduced secretion require overnight growth and protein precipitation to observe secreted protein levels, Congo red-induced secretion is limited to 15 min, evaluating the ability of the T3SS to be activated as if it had come in contact with a host cell membrane (44) . As expected, Congo red exposure to the S. flexneri strain expressing wild-type Spa47 results in efficient secretion of both IpaB and IpaC, whereas the spa47 null strain failed to actively secrete either IpaB or IpaC at wild-type levels (Fig. 8) . The active site mutants Spa47 K165A and Spa47 E188A , the oligomerization-dependent active site mutant Spa47 R350A , and the Spa47 ⌬1-79 construct lacking the N-terminal oligomerization domain all resulted in significantly attenuated active secretion FIGURE 7 . Immunoblot analysis of uninduced translocator secretion profiles of engineered Spa47 mutant Shigella strains. A, the levels of IpaB and IpaC secreted ("leaked") into overnight Shigella culture media were compared for Shigella strains expressing engineered ATPase inactive Spa47 mutants, as well as positive and negative controls expressing wild-type Spa47 and a spa47 null strain, respectively. The secreted proteins were detected by Western blot and compared with one another using densitometry analysis. B, the protein levels are reported relative to a S. flexneri strain expressing wildtype Spa47 (normalized to 100%) and are reported for each strain. C, the levels of IpaB and IpaC isolated from the bacterial whole cell extract (WCE) were also visualized and are shown relative to the protein levels isolated from the control strain expressing wild-type Spa47. The reported values represent the means Ϯ S.D. from three independent analyses.
profiles. The observed attenuation under both uninduced and induced conditions, together with the hemolysis and invasion results, suggests that the loss of Shigella virulence is due, at least in part, to reduced secretion efficiencies and incomplete formation of the T3SA.
Spa47-catalyzed ATP Hydrolysis Supports Construction of the Shigella T3SA-One of the pioneering studies that began to unravel the role of Spa47 in the Shigella T3SS showed that a spa47 knock-out Shigella strain was only able to construct a partial T3SA, consisting of portions of the basal body and lacking an external needle apparatus (28) . The phenotype results presented in this study are consistent with these findings, additionally suggesting that the presence of Spa47 alone is not enough to restore phenotype, but that Spa47-catalyzed ATP hydrolysis is essential for the proper secretion of T3SS proteins, including those that make up the external needle and tip complex. Here, we have extended these studies to directly examine the effect of each of the ATPase inactive Spa47 mutations on the ability of Shigella to assemble a complete T3SA. Fluorescent antibodies were used to probe T3SA needle and tip formation in Shigella strains including the wild-type S. flexneri clinical isolate 2457T, a spa47 null strain, and complemented strains expressing wild-type Spa47, Spa47 K165A , Spa47 E188A , Spa47 R350A , and Spa47 ⌬1-79 . The level of fluorescently immunolabeled T3SS needle protein MxiH was quantified for each strain using flow cytometry. The wild-type Shigella strain and the Spa47 complemented strain both exhibited a positive shift in MxiH-labeled fluorescence intensity histograms compared with those of the spa47 null strain and mxiH null strain control (Fig. 9A) . Each of the engineered Spa47 mutants resulted in fluorescence intensity histograms that overlay almost perfectly with both the spa47 null and mxiH null strains, suggesting that they are unable to form external MxiH needles. A similar experiment was conducted using polyclonal antibodies against the constitutively expressed T3SS tip protein, IpaD. Multiple copies of IpaD are known to reside at the tip of the T3SA (45, 46), located far enough from the bacterial membranes and lipopolysaccharide layer to be efficiently detected by immunolabeling (47) . The cytometry results for IpaD are essentially identical to those of the MxiH labeling experiment, with significant labeling for strains expressing wild-type Spa47, again consistent with a properly formed apparatus and accessible IpaD at the needle tip DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 25845 (Fig. 9B ). The MxiH null and spa47 null strains report background levels of fluorescence intensity resulting from a lack of IpaD on the bacterial surface. Each of the strains expressing the engineered Spa47 mutants were also unable to mobilize IpaD to the bacterial surface and resulted in fluorescence intensity histograms that overlay with the mxiH null and spa47 null strain histograms (Fig. 9B ). Taken together with the secretion assays presented here, these findings support the hypothesis that ATPase active Spa47 is required for proper protein secretion and T3SA formation and that the resulting lack of an external needle complex is responsible for the avirulent phenotype observed for the engineered strains expressing ATPase inactive Spa47 mutants. The rapidly increasing resolution offered by cryo-electron tomography and the capabilities of single-molecule super-resolution fluorescence techniques will undoubtedly help to uncover more specifics related to the dependence of T3SA formation on Spa47 activity, but the work presented here provides a foundational understanding of the role(s) that Spa47 plays in Shigella T3SS activation and virulence.

Discussion
Like many Gram-negative pathogens, Shigella rely on a T3SS as their primary virulence factor (3, 48) . Studies aimed to better understand the structure and function of the Shigella T3SS are essential, because Shigella not only represents a worldwide health concern but serves as a valuable in situ/in vivo model for T3SS studies. As a model T3SS expressing-pathogen, Shigella are non-motile, can be studied under BSL-2 conditions, encode their T3SS on a virulence plasmid, express only one T3SS, rely entirely on their T3SS for virulence, and are currently the only pathogen for which a complete stepwise maturation of the secretion apparatus has been observed and described (43, 49 -51) . Despite these advantages, many of the details surrounding the activation of its T3SS and ultimately the ability of Shigella to regulate infection remain unclear and a high priority for understanding and controlling T3SS-based infections.
Sequence similarity to known ATPases including the catalytic ␤-subunit of F 1 ATP synthase and the Salmonella flagellar ATPase FliI suggested that the Shigella T3SS protein Spa47 is a T3SS-associated ATPase and that it could in turn provide the energy required to assemble and activate the T3SA. We recently showed that Spa47 is in fact an ATPase, that it exhibits oligomerization-dependent ATPase activity, and that active Spa47 appears to be required for T3SS-mediated cellular invasion by Shigella (15) . These findings are consistent with pioneering T3SS ATPase studies showing that Salmonella motility is controlled through tight regulation of the flagellar ATPase, FliI, by what appears to be control over ATPase oligomerization (52, 53) . Additionally, work with the SPI-1 ATPase in Salmonella showed that InvC recognizes T3SS substrate and facilitates chaperone release and unfolding of secreted proteins (31) . Building on these studies and elucidating the roles of Spa47 in Shigella will fill a significant gap in the current understanding of the otherwise generally well characterized Shigella T3SS and provide a model to help describe T3SS activation and regulation.
The implication of ATPases in T3SS energetics and regulation makes them a high impact target for structural investigations; however, the same stability challenges and heterogene-ous oligomer distributions that have plagued biochemical characterization have limited structural studies as well. In fact, the three T3SS ATPases that have previously been crystallized all required stabilization and control over oligomerization by either removing the N-terminal oligomerization domain (29, 30, 54) or cocrystallization of the ATPase with a chaperone as seen in the recently reported FliI/FliH heterotrimer (55) . In turn, we engineered a Spa47 N-terminal deletion construct (Spa47 ⌬1-79 ) by removing the Spa47 oligomerization domain and allowing crystallization. The highly soluble product resulted in several high resolution Spa47 crystal structures of the catalytic core and C-terminal domain of Spa47 (Figs. 2 and  4 and Table 1 ), adding to the short list of available T3SS ATPase structures and guiding studies to help uncover the relationships between Spa47 oligomerization, ATPase activity, T3SS function, and overall Shigella virulence.
Although full-length Spa47 can be purified, removal of the 79 N-terminal Spa47 residues prevents oligomerization and results in a homogeneous monomeric distribution (Fig. 5 ). Furthermore, the monomeric Spa47 ⌬1-79 construct is catalytically inactive, although the crystal structure identifies a conserved Rossmann fold, Walker domains, and predicted nucleotide binding site that align well with other ATPases, including EscN and FliI (Fig. 2) . Together, this suggests that the Spa47 ⌬1-79 construct contains the essential components for ATP hydrolysis, whereas its inability to oligomerize is responsible for preventing activation, providing a likely means of regulating Shigella T3SS ATPase activity in vivo. Comparing oligomerization characteristics for each of the four T3SS ATPases with solved structures reveals several striking differences among the sequentially and structurally well conserved proteins, suggesting that T3SS associated secretion mechanisms may diverge at the level of ATPase function and apparatus activation. Specifically, although varying degrees of N-terminal truncations within FliI, EscN, SsaN, and now Spa47 provide predominantly monomeric stoichiometries and led to successful protein crystallization (29, 30, 54) , the monomeric truncated FliI ⌬7 and SsaN ⌬1-89 constructs maintain low level ATPase activity (30, 41) . In contrast, the monomeric EscN ⌬1-102 and Spa47 ⌬1-79 constructs are completely ATPase inactive with no evidence for ability to form higher order homo-oligomers (29) . The implications of these findings are not completely clear but suggest that E. coli and Shigella T3SS activation relies entirely on N-terminal interactions that drive ATPase oligomerization and that other family members including FliI and SsaN are capable of monomer-derived ATPase activity. Alternatively, monomeric FliI and SsaN N-terminal truncation constructs may undergo transient oligomer formation, which supports the low level ATPase activity, as we believe is the case for isolated full-length Spa47 monomer.
To better understand the mechanism driving oligomerization-based activation of Spa47, we generated an in silico Spa47 hexameric model. Because no atomic homo-oligomeric structures exist for T3SS ATPases, we generated the model by aligning six copies of Spa47 with the F 1 ␣ 3 ␤ 3 ATP synthase structure solved by Walker and co-workers (36) (Fig. 3) . Comparison of the hexameric Spa47 model and the F 1 ATP synthase structure finds striking similarities within the catalytic cores of the indi-vidual protomers and at the active site interfaces between adjacent protomers, with an overall RMSD of 2.06 Å (data not shown). Additionally, the resulting ring-like Spa47 hexamer is consistent with recent cryo-electron tomography results identifying Spa47 as a homohexamer in the context of the Shigella T3SA basal body (34) . Looking specifically at the six active site regions within the Spa47 hexamer model identifies an arginine side chain (Arg 350 ) that extends into the nucleotide binding site of an adjacent Spa47 protomer (Fig. 3) . The location of this "arginine finger" in Spa47 is consistent with an equivalent active site arginine found in F 1 ATP synthase that requires F 1 oligomer formation for an ␣-subunit protomer to contribute its arginine to the active site of an adjacent catalytic ␤ subunit, supporting ATP binding and hydrolysis (56) . Sequence alignment of several known T3SS ATPases shows that the residues positioned equivalently to arginine 350 in Spa47 are highly conserved ( Fig. 1 ), suggesting that they have a key role in protein function, although it has only been directly investigated in EscN (29) and now Spa47.
We generated Spa47 alanine point mutants to test the influence of the predicted catalytic active site residues and found that Spa47 K165A , Spa47 E188A , and Spa47 R350A all purify as discrete oligomeric species as seen for wild-type Spa47 (Fig. 5) . The activity profiles, however, show that the isolated monomeric and oligomeric species of each of these mutants are catalytically "dead" (Fig. 6) . The oligomerization-deficient Spa47 ⌬1-79 construct used for crystallization was also completely inactive, although it maintains an intact catalytic core as evident in the crystal structure (Fig. 2) . These findings not only show that Spa47 oligomerization and the conserved "arginine finger" are essential to Spa47 activation but also show that Spa47 oligomerization capabilities are independent of Spa47 activity, suggesting that catalysis is not required to bring monomeric Spa47 together. Rather, it seems likely that the 6-fold symmetry of the Shigella T3SA sorting platform and interaction with one or several of the neighboring T3SS proteins identified by cryo-electron tomography (34) facilitates the assembly of Spa47 oligomers in vivo. The appeal of this model is that the monomeric forms of Spa47 that exist in the Shigella cytoplasm would not be catalytically active and would not wastefully hydrolyze cellular stores of ATP. Once incorporated into the T3SA as an activated oligomeric complex, the Spa47 would immediately begin to hydrolyze ATP, activate the T3SA, and support Shigella virulence. It is also important to consider that Spa47 is currently the only T3SS ATPase for which an active subhexameric oligomer has been identified, and although it is admittedly unclear what role (if any) this putative trimeric complex plays in vivo, it has provided an invaluable tool for discerning the mechanistic role of Spa47 oligomerization in enzyme activation and T3SS function. The observed increase in activity levels by the oligomer and the AUC assignment of the Spa47 oligomer geometry as consistent with a triangular trimer (15) suggest that the active site protomer interfaces within the trimeric complex likely mimic those of the hexamer observed by electron microscopy (34, 57) and are modeled based on our recent Spa47 structures (Figs. 2 and 3) . Additionally, it is tempting to speculate that the stable, active Spa47 trimer may be involved in dynamic processes within the basal body where the observed hexamer is actually comprised of two stable triangular trimers, allowing rapid and efficient formation and dissociation with the T3SA sorting platform and ultimately regulation of T3SS activity.
Complex and dedicated single-molecule super-resolution fluorescence studies will likely be required to fully uncover the dynamics of Spa47 within the context of the sorting platform; however, now armed with a better structural and biochemical understanding of Spa47-catalyzed ATP hydrolysis, we were able to test our hypothesis that Spa47 activation could serve as a potent regulator of Shigella T3SS activity and virulence. Previous works have shown that eliminating the T3SS ATPases altogether from pathogens such as Salmonella, Yersinia, E. coli, and Shigella results in reduction in T3SS protein secretion and have been shown in some cases to reduce virulence (20, 22, 28, 30, 58, 59) . Additionally, loss of function InvC mutants in Salmonella lack external T3SS needles, suggesting that ATPase activity is required for their formation (60), although the full range of effects on the T3SS remains largely unclear. We took advantage of the numerous T3SS phenotype assays developed for Shigella and tested our ATPase inactive Spa47 mutants for their ability to complement proper T3SS activity and virulence phenotype in a spa47 null Shigella strain. The results for all of the tests are surprisingly clear. Each of the T3SS ATPase inactive Shigella mutants exhibited drastically reduced secretion phenotypes that are coupled with incomplete T3SA formation and a complete loss of Shigella virulence.
The work reported in this study provides the only structure function analysis of the Shigella T3SS ATPase Spa47 that we are aware of and begins to unravel the influence of Spa47 activation on the Shigella T3SS and pathogen virulence. In addition, the advantages of Shigella as a model T3SS organism and the ability to purify stable recombinant activated Spa47 oligomers provides exciting opportunities to answer questions concerning T3SS ATPase activation and the role of Spa47 oligomerization with respect to T3SS protein recognition and secretion. There is clearly still a lot of work to be done in this area, but with this foundational work characterizing Spa47, we can now add Shigella to the short list of pathogens with a characterized T3SS ATPase and expand the mechanistic understanding of T3SS function in general. It is our hope that these findings will help support the development of much needed non-antibioticbased anti-infective agents against Shigella and other pathogens reliant on T3SSs for infection.
Experimental Procedures
Materials-WT S. flexneri corresponds to the serotype 2a 2457T strain originally isolated in 1954 (61) . The S. flexneri spa47 null strain was engineered by Abdelmounaaïm Allaoui as described by Jouihri et al. (28) . The S. flexneri mxiH null strain was engineered by Ariel Blocker as described by Blocker et al. (62) . Rabbit polyclonal antibodies against IpaB, IpaC, IpaD, IpgC, and MxiH were generous gifts from William Picking and Wendy Picking (University of Kansas). The anti-IpaB, IpaC, IpaD, and IpgC antibodies were all provided as antisera and diluted 1:500 prior to use in the described experiments. The anti-MxiH antibodies were provided as protein G-purified IgG at a concentration of 9.8 mg/ml and diluted 1:500 prior to use.
Selectivity and sensitivity of each antibody was evaluated by performing SDS-PAGE followed by Western blot analyses against 80 ng of the appropriate recombinant, purified target protein, as well as against a total protein extract obtained from wild-type Shigella. E. coli strains and 2ϫ ligation mix were from Novagen (Madison, WI). Restriction enzymes, the pTYB21 protein expression plasmid, PCR buffer, Phusion high fidelity polymerase, and chitin resin were purchased from New England Biolabs (Ipswich, MA). Oligonucleotide primers and the synthesized Spa47 gene were from Integrated DNA Technologies (Coralville, IA). The Superdex 16/600 size exclusion, 5-ml Q FF, and 5-ml Heparin HP columns were purchased from General Electric (Pittsburgh, PA). ATP was from Sigma-Aldrich, and [␣-32 P]ATP was from PerkinElmer Life Sciences. DTT and ampicillin were from Gold Biotechnology (St. Louis, MO). Defibrinated sheep red blood cells were from Colorado Serum Company (Denver, CO). All other solutions and chemicals were of reagent grade.
Methods: Cloning-The Spa47 gene was purchased as a double-stranded gBlock product from Integrated DNA Technologies with modifications for cloning into the expression plasmid pTYB21 as described previously (15) . Briefly, 5Ј SapI and 3Ј PstI restriction sites flanked the purchased Spa47 gene with a silent mutation made within the Spa47 gene to remove a native internal SapI restriction site. The SapI/PstI-digested gene was ligated into the expression plasmid pTYB21, which encodes an N-terminal chitin-binding domain and intein linker. The ligated product was transformed into E. coli Nova Blue cells by heat shock and screened for the presence of spa47 via PCR. Sequences were verified by Sanger sequencing (Genewiz, Inc., South Plainfield, NJ). spa47 was cloned into the plasmid pWPsf4 for expression in Shigella by introducing NdeI and BamHI restriction sites at the 5Ј and 3Ј ends, respectively, and ligating into the digested vector backbone. Sequences were again verified by Sanger sequencing prior to transformation into electro-competent S. flexneri strains via electroporation. The Spa47 point mutations and Spa47 ⌬1-79 N-terminal truncation were generated in both pTYB21 and pWPsf4 using inverse PCR followed by sequence verification and transformation into E. coli and S. flexneri, respectively.
Protein Expression and Purification-Spa47 and each of the Spa47 mutants encoded in pTYB21 were transformed into E. coli Tuner(DE3) cells and were expressed and purified as previously described (15) . Briefly, the expression strains were grown to mid log phase in Terrific Broth medium containing 0.1 mg/ml ampicillin at 37°C, 200 rpm. The culture was then cooled to 17°C before induction with 1 mM isopropyl ␤-D-1thiogalactopyranoside for ϳ20 h (17°C, 200 rpm). All subsequent steps were carried out at 4°C unless otherwise stated. The cells were pelleted by centrifugation, resuspended in binding buffer (20 mM Tris, 500 mM NaCl, pH 7.9), and lysed by sonication. The soluble protein was released from the cells by sonication, and the supernatant was run over a chitin affinity column to capture the chitin-binding domain-intein-Spa47 fusion complex followed by intein cleavage in binding buffer containing 50 mM DTT. Column elutions were collected over the course of several days until no further elution of Spa47 was observed by SDS-PAGE (ϳ4 days). The elution fractions were diluted, resulting in a final buffer concentration of 20 mM Tris, 100 mM NaCl, 5 mM DTT, pH 7.9, prior to purification by negative selection over tandem 5-ml Q Sepharose FF anion exchange columns and a 5-ml Heparin HP column. The purified Spa47 in the flow through was concentrated using an Amicon Ultra centrifugal filter unit with a 30-kDa molecular mass cutoff and further purified/characterized using a Superdex 200 16/600 size exclusion column equilibrated with 20 mM Tris, 100 mM NaCl, 5 mM DTT, pH 7.9. Because of a complete lack of tryptophan in Spa47, all Spa47 concentrations were determined using a Bradford protein assay as done and validated previously (15) . All concentrations are reported in monomer concentration units for consistency and clarity.
Spa47 Crystallization-The Spa47 N-terminal oligomerization domain was identified by sequence alignment to related ATPase homologs (Fig. 1) using the PSIPRED structure prediction server (63) and the UniProt multiple sequence alignment tool Clustal Omega (64) . Crystallization of Spa47 ⌬1-79 and point mutation variants was performed using standard vapor diffusion methods. Initial crystallization hits were identified from the commercial MCSG4 crystallization screen condition F10 (Microlytic) and subsequently optimized to 0.1 M Tris, pH 8.5, 0.2 M ammonium acetate, 0.2 M lithium sulfate, 20 -26% PEG 4000, and 4.5-9.5% (Ϯ)-2-methyl-2,4-pentanediol. Crystals were grown at room temperature (22°C) using 10 mg/ml protein at 3:1 protein:well drop ratios. For all constructs, crystallization was also successful in the presence of 1.5-3 molar excess of nucleotide (ADP, ATP, ADP-AlF 3 , and ATP␥S), although nucleotide was not observed in the electron density for any of the structures.
Data Collection and Structure Determination-Crystallographic data were collected to 2.4 Å (Spa47 ⌬1-79 ), 2.15 Å (Spa47 ⌬1-79 K165A), 2.70 Å (Spa47 ⌬1-79 E188A), and 1.80 Å (Spa47 ⌬1-79 R350A), on Beamlines 7-1 and 14-1 at the Stanford Synchrotron Radiation Lightsource ( Table 1 ). The data were processed using HKL2000 (65) . The crystals belong to space group P 2 1 and contain two molecules in the asymmetric unit (Matthews coefficient ϭ 2.3, 45% solvent). The Spa47 ⌬1-79 structure was solved by molecular replacement using the homologous FliI structure (PDB code 2DPY) as a search model. The refined Spa47 ⌬1-79 structure was used as a search model for each of the point mutant variants. Phenix.refine (66) , as implemented in the PHENIX software package (67) , was used to perform individual b-factor, positional, and translationlibration-screw refinement. Model building was performed using Coot (68) . Structure validation was performed using Molprobity (69 Sedimentation Velocity Analytical Ultracentrifugation-SV-AUC experiments were conducted using an Optima XL-I (Beckman Coulter, Fullerton, CA) analytical ultracentrifuge equipped with an interference optical detection system. 1.0 mg/ml Spa47 ⌬1-79 and a buffer reference were loaded into Beckman charcoal-epon two sector cells with 12-mm path lengths and quartz windows. The samples were analyzed at 20°C and 40,000 rpm using interference detection and scanning until complete sedimentation was achieved. The data were regularized with a confidence interval of 0.95 and analyzed using the software program Sedfit (72) with a continuous c(s) distribution and 500 scans as done previously for wild-type Spa47 (15) . The Spa47 partial specific volume, buffer density, and viscosity used in the analysis (0.741 ml/g, 1.0031 g/ml, and 0.01018 Poise, respectively) were calculated using Sednterp (73) .
ATP Hydrolysis Activity Assay-A multiple time point activity assay was used to determine reaction rates for all of the Spa47 constructs in each available oligomeric state. The assay was carried out under the conditions previously found to provide the most robust results (15) . Briefly, the reactions were initiated by combining protein samples with a prepared ATP solution resulting in a final concentration of 1 mM ATP, 10 mM MgCl 2 , and 0.5 Ci (ϳ300 nM) [␣- 32 S. flexneri Invasion of Epithelial Cells-S. flexneri invasion of cultured HeLa cells was monitored by a gentamicin protection assay as previously described (74) . Sterile 24-well plates were seeded with passaged HeLa cells and grown overnight in DMEM supplemented with 10% fetal calf serum, penicillin, and streptomycin at 100% relative humidity, 37°C, and 5% CO 2 . Tested S. flexneri strains were streaked onto tryptic soy agar plates containing 0.025% Congo red and grown overnight at 37°C. Small cultures containing appropriate antibiotics to maintain the transformed plasmid were inoculated from the agar plates and grown to and A 600 of ϳ0.4 at 37°C and 200 rpm. Equivalent bacterial loads were introduced to the cultured HeLa cells, and the plates were centrifuged at 1000 ϫ g to synchronize contact between the bacteria and HeLa cells. The inoculated cells were incubated at 37°C for 30 min, rinsed to remove the extracellular bacteria, and treated with 50 g/ml gentamicin to selectively kill the Shigella that had not successfully invaded the HeLa cells. The internalized bacteria were visualized and quantified by lysing the host cells with 1% agarose in water and overlaying with a 2ϫ lysogeny broth agar solution. Overnight incubation at 37°C resulted in colony formation that is quantified and used to provide relative levels of invasiveness between the tested S. flexneri strains.
Shigella Induced Erythrocyte Hemolysis-The effects of the engineered Spa47 mutations on T3SS-mediated hemolysis of red blood cells were determined using a slightly modified version of a previously described method (75) . Briefly, S. flexneri expressing wild-type Spa47 or the Spa47 mutants described in this study were grown overnight on TSA-Congo red plates, and a small number of isolated colonies were used to inoculate 10 ml of tryptic soy broth containing appropriate antibiotics. The cultures were grown to an A 600 of 1.0, collected by centrifugation, and gently resuspended in 200 l of PBS. 50 l of each bacterial mix was then combined with ϳ5 ϫ 10 8 red blood cells in a 96-well microtiter plate and centrifuged at 2300 ϫ g and 30°C for 15 min to initiate contact between the bacteria and the red blood cells. The plate was then incubated at 37°C for 1 h and resuspended following the addition of 100 l of cold PBS. The resuspended mix was centrifuged at 2300 ϫ g and 10°C for 15 min to separate cellular components and the hemoglobin that was released following red blood cell lysis. The levels of released hemoglobin in the supernatant were quantified by measuring absorbance at 545 nm and compared with the levels resulting from S. flexneri expressing wild-type Spa47.
Quantitation of S. flexneri T3SS Translocator Secretion-The effects of the engineered Spa47 mutations on uninduced effector secretion ("leakage") was determined using a previously described method (76) . Briefly, S. flexneri expressing wild-type Spa47 or one of the engineered Spa47 mutants were grown overnight on TSA-Congo red plates, and a small number of isolated colonies were used to inoculate 10 ml of tryptic soy broth containing appropriate antibiotics. Cultures were grown at 37°C overnight (16 h) . The saturated overnight cultures were then placed on ice for 5 min prior to isolation of the culture supernatant from the bacteria via centrifugation at 3750 ϫ g for 10 min at 4°C. The isolated supernatants were treated with TCA to a final concentration of 10% and allowed to sit on ice for 30 min to precipitate the soluble protein, including the secreted translocator proteins. The precipitated proteins were collected by centrifugation at 12,000 ϫ g for 15 min at 4°C, gently rinsed with 5% TCA followed by ice cold acetone, and finally resuspended in SDS-PAGE sample buffer. The isolated bacterial cell pellets were also rinsed thoroughly and resuspended in in SDS-PAGE sample buffer. Both the secreted protein samples and whole cell extracts from each strain were separated using SDS-PAGE, transferred to PVDF membranes by Western blot, and probed using anti-IpaB and anti-IpaC rabbit polyclonal antibodies and an Alexa 647 goat anti-rabbit secondary antibody. IpaB and IpaC levels were detected and compared using a Bio-Rad ChemiDoc imaging system and the associated Image Lab analysis software.
The small diazo dye Congo red effectively induces active secretion of translocator proteins through the Shigella T3SS by mimicking the natural trigger resulting from host cell membrane interaction (44) . Thus, Congo red exposure serves as a valuable tool that allows for concerted activation of T3SSs from Shigella strains expressing various protein mutants such as the engineered Spa47 mutants used in this study. The protocol has been described in detail elsewhere (70) . Briefly, S. flexneri strains lacking the gene for Spa47, strains expressing wild-type Spa47, and strains expressing the engineered Spa47 mutants were grown overnight on TSA-Congo red plates, and a small number of isolated colonies were used to inoculate 10 ml of tryptic soy broth containing appropriate antibiotics. Cultures were grown at 37°C to an A 600 of 1.0 before they were cooled on ice to temporarily slow protein expression and secretion. The cultures were centrifuged and rinsed to separate the bacteria from the culture supernatant and any proteins that had been secreted up to this point. The cells were then resuspended in sodium phosphate buffer containing 0.28 mg/ml Congo red and were incubated at 37°C for 15 min to promote active T3SS secretion. Cultures were then chilled on ice for 5 min to limit further secretion and the bacteria were separated from the protein-containing supernatant by centrifugation at 13,000 ϫ g for 15 min at 4°C. The secreted proteins within the supernatant from each strain were separated using SDS-PAGE, transferred to PVDF membranes by Western blot, and probed using anti-IpaB and anti-IpaC rabbit polyclonal antibodies and an Alexa 647 goat anti-rabbit secondary antibody. Secreted IpaB and IpaC levels were detected and compared using a Bio-Rad ChemiDoc imaging system and the associated Image Lab analysis software.
The cytoplasmic Shigella T3SS chaperone, IpgC, is natively expressed at relatively high levels and is not secreted from the cytoplasm at any point, making it an ideal lysis control for each of the secretion assays described above. Briefly, Western blot analysis was used to probe for IpgC in the whole cell extract of isolated Shigella and in the supernatant of overnight and Congo red-induced cultures. The results found that although IpgC was present in pelleted Shigella whole cell extracts, it was not detected in the culture supernatants with IpaB and IpaC, confirming that cell lysis does not contribute significantly to the levels of observed protein secretion (data not shown).
Spa47-dependent Formation of the T3SA-The ability of S. flexneri strains expressing ATPase inactive Spa47 mutants to assemble extracellular portions of the T3SA was investigated using flow cytometry coupled with fluorescence detection. Each of the tested S. flexneri strains were streaked onto TSA-Congo red plates, and a small number of isolated colonies were used to inoculate 15 ml of tryptic soy broth containing appropriate antibiotics. The cultures were grown to an A 600 of 0.8 at 37°C and 200 rpm, collected by centrifugation at 4°C, and gently rinsed with cold PBS. The cells were then chemically fixed for 15 min in 4% formaldehyde in PBS at room temperature (20 -22°C). The fixed cells were rinsed and labeled with rabbit polyclonal antibodies against either MxiH or IpaD. The bacteria were then treated with an Alexa 647 goat anti-rabbit secondary antibody to fluorescently label the targeted proteins for detection by flow cytometry. The cells were rinsed again and analyzed using a BD Accuri C6 flow cytometer collecting 500,000 instances/run. The resulting data sets were analyzed with De Novo FCS Express 5 flow cytometry software to determine whether the target proteins were present on the bacterial surface for each strain. 
